Elfamycins are a relatively understudied group of antibiotics that target the essential process of translation through impairment of EF-Tu function. For the most part, the utility of these compounds has been as laboratory tools for the study of EF-Tu and the ribosome, as their poor pharmacokinetic profile and solubility has prevented implementation as therapeutic agents. However, due to the slowing of the antibiotic pipeline and the rapid emergence of resistance to approved antibiotics, this group is being reconsidered. Some researchers are using screens for novel naturally produced variants, while others are making directed, systematic chemical improvements on publically disclosed compounds. As an example of the latter approach, a GE2270 A derivative, LFF571, has completed phase 2 clinical trials, thus demonstrating the potential for elfamycins to become more prominent antibiotics in the future.
Introduction
Translation of mRNA transcripts into proteins is the vital cellular function provided by the ribosome. After initiation, the ribosome relies on the elongation factor-thermo unstable (EF-Tu) to deliver subsequent amino acyl-tRNAs (aa-tRNA) to the A-site of the programmed ribosome in order to elongate the newly synthesized protein. EF-Tu is a G protein, possessing an intrinsic ability to hydrolyze GTP to GDP (GTPase activity) and contributes to the overall fidelity of translation. This hydrolysis occurs during a process termed 'decoding,' and provides a level of proofreading between the codon-anticodon pairing of the tRNA and the mRNA transcript.
EF-Tu forms a complex with GTP and an aa-tRNA ( Figure 1A) . Upon binding the A-site of the ribosome and achieving the appropriate conformation, EF-Tu hydrolyzes GTP to GDP, loses affinity for the aa-tRNA/ribosome, and dissociates. Antibiotics can disrupt EF-Tu function by either preventing its association with the aa-tRNA or impairing dissociation away from the ribosome after hydrolysis of GTP to GDP -the signal which normally allows EF-Tu to leave and the next round of decoding to proceed.
There are four main families of EF-Tu inhibitors ( Figure 1B) ; the prototypes of these families are kirromycin, enacylocin IIa, pulvomycin, and GE2270 A. These four share little structural similarity, but can be grouped into two main mechanisms of action. Kirromycin and enacyloxin IIa prevent EF-Tu:GDP from dissociating from the ribosome after it's enzymatic activity has been realized, thus trapping EF-Tu on the ribosome and preventing the next round of elongation. Conversely, pulvomycin and GE2270 A inhibit the formation of the EF-Tu:GTP and aa-tRNA ternary complex, thus preventing EF-Tu from associating with the ribosome and performing it's enzymatic activity. These compounds collectively have been given the designation 'elfamycins,' for their ability to target prokaryotic elongation factor Tu (EF-Tu), and are defined by their target, rather than a conserved structure. With development of resistance to other classic antibiotics, interest has renewed in inhibitors of EF-Tu.
EF-Tu GTPase activity
EF-Tu belongs to the G protein family, a collection of GTPase enzymes that bind guanosine nucleotides (GTP and GDP) and possess the intrinsic ability to hydrolyze GTP to GDP. The overall structure of EF-Tu consists of three domains ( Figure 1A ). Domain 1, or the G domain, is largely responsible for the GTPase activity of EF-Tu (Parmeggiani et al., 1987) .
This domain is often called the Ras-like domain due to its similarity to the eukaryotic G protein, Ras (Jurnak, 1985) . Domains 2 and 3 form anti-parallel beta-barrels that allosterically regulate the activity of domain 1, including an enhanced affinity for GDP over GTP (Parmeggiani et al., 1987) . Moreover, domain 2 has been shown to enhance the GTPase activity of EF-Tu (Nock et al., 1995) . Domain 3 can be phosphorylated at Thr-382 by the toxin Doc of bacteriophage P1 toxin-antitoxin system phd-doc (Castro-Roa et al., 2013) .
This phosphorylation blocks translation elongation, which ultimately leads to cell death. Interestingly, kirromycin has been found to block phosphorylation by Doc, potentially through steric hindrance; this suggests that the P1 toxin/antitoxin system for maintenance of phage in the bacterial chromosome may mimic the effects of bacterial antibiotic kirromycin (Cruz et al., 2014) .
GTPases are often described as molecular switches. Binding of GTP renders EF-Tu in an 'on' conformation, while GTP hydrolysis turns EF-Tu 'off.' EF-Tu, like other G proteins, contains a GTPase fold in domain 1 which allows for binding of the guanosine nucleotide (Sprang, 1997) . This fold consists of 5 loops, designated G-1 through G-5, that are similar to folds observed in other nucleotide binding proteins (Sprang, 1997) . The G-1 loop, also called the P-loop ( Figure 1A ; orange), is responsible for making contact with the βphosphate of the guanosine nucleotide (Kjeldgaard et al., 1996 , Dahl et al., 2006 . Upon GTP hydrolysis, mobile elements called switch regions undergo a conformational change. The G-2 loop corresponds to switch I ( Figure 1A ; yellow) which participates in binding a magnesium ion important for stabilizing the guanosine nucleotide in the G protein fold (Abel et al., 1996) . The G-3 loop and following α-helix corresponds to switch II ( Figure 1A ; blue) which binds the magnesium ion and γ-phosphate of GTP (Knudsen et al., 2001) .
the γ-phosphate of GTP and domain 2 shifts closer to domain 1, as seen in Figure 1A with the non-hydrolyzable GTP analog GppNHp (Kavaliauskas et al., 2012) . As seen in Figure   1A , the movement of switch II causes domain 3 to pack against switch II and opens a cleft between domains 1 and 2 for both the 5′-and 3′-ends of the aa-tRNA to bind (Nissen et al., 1995) . The tRNA acceptor stem contacts the switch regions in domain 1 while the tRNA T stem binds domain 3 (Nissen et al., 1995) . The resulting EF-Tu:GTP:aa-tRNA ternary complex is then able to bind the mRNA programmed ribosome.
Upon forming a complex with the ribosome, the EF-Tu:GTP:aa-tRNA undergoes a conformational change that increases the rate of GTP hydrolysis (Mesters et al., 1994 , Pape et al., 1998 . This conformational change and subsequent increase in GTPase activity is dependent on and preceded by codon-anticodon pairing (Rodnina et al., 1995 , Blanchard et al., 2004 . Upon establishing a codon-anticodon interaction, a domain closure occurs in the 30S ribosomal subunit which alters the tRNA conformation at the acceptor end, disorders switch I, and breaks a hydrophobic gate between Val20 (P-loop) and Ile60 (switch I) to allow GTPase hydrolysis catalyzed by His84 (switch II) (Escherichia coli numbering) (Schmeing et al., 2009) . His84 is believed to serve as a base to activate the water molecule responsible for nucleophilic attack on the γ-phosphate in the GTP hydrolysis reaction (Daviter et al., 2003) . While free EF-Tu:GTP:aa-tRNA has a slow GTPase rate in the absence of the ribosome (Gromadski & Rodnina, 2004) , upon binding the ribosome and achieving the appropriate conformation, the GTPase rate of EF-Tu is greatly accelerated and contributes to the fidelity of decoding.
Antibiotics targeting EF-Tu
Given the important role of EF-Tu in decoding and translational fidelity, microbial viability can be disrupted by inhibiting EF-Tu activity. In contrast to ribosome-targeting antibiotics such as gentamicin, which induce aberrant protein translation by disrupting the fidelity of codon-anticodon pairing while still allowing synthesis of the growing peptide chain to progress, elfamycins halt protein synthesis elongation altogether by stalling the progression of the ribosome in the elongation cycle , Cetin et al., 1996 . Over 30 antibiotics have been found to bind EF-Tu, the majority of which were discovered in actinomycetes. While these compounds effectively inhibit the activity of bacterial EF-Tu, they show relatively little toxicity against the mitochondrial elongation factor as assessed in a mitochondrial translation system (Zhang et al., 2005) . Kirromycin was shown to be less inhibitory to mitochondrial translation than several representative macrolides (Zhang et al., mocimycin; later found to be identical to kirromycin ). Additional antibiotics with similar structures to the linear polyketide antibiotic kirromycin ( Figure 1B ) include aurodox (Dolle & Nicolaou, 1985) (referred to as X-5108 in early publications), discovered in Streptomyces goldiniensis (Berger et al., 1973) ; efrotomycin (Dolle & Nicolaou, 1985) ; phenelfamycin A-C, E, F, discovered in 1988 (Jackson et al., 1988) ; and phenelfamycin G and H, discovered in 2011 (Brotz et al., 2011) .
Kirromycin has a narrow spectrum against a few Gram-positive bacteria as well as a few Gram-negatives (Table 1) (Tavecchia et al., 1996) . Kirromycin can interact with EF-Tu in both its GDP and GTP bound form (Pingoud et al., 1978) , though kirromycin shows higher affinity for EF-Tu:GTP. As shown in Figure 1C , kirromycin binds the EF-Tu:GDP complex between domain 1 and domain 3, thereby inducing EF-Tu to maintain the conformation it would adopt when GTP is bound (Vogeley et al., 2001) . This leaves EF-Tu in a constitutive 'on'-like state, even when bound to GDP, resulting in the ternary complex remaining bound to the ribosome after GTP hydrolysis. Since EF-Tu dissociation does not occur after hydrolysis of GTP, the kirromycin-bound EF-Tu prevents the incoming of subsequent EF-Tu:GTP:aa-tRNA complexes (Vogeley et al., 2001) , which results in a ribosome 'traffic jam' and cessation of protein synthesis.
Enacyloxin IIa
Enacyloxin IIa is the only EF-Tu antibiotic to be discovered in non-actinomycetes. It is a linear polyenic antibiotic ( Figure 1B ) produced by Frateuria sp. W-315 (previously belonging to the Gluconobacter genus). Both this bacterial strain and its antibiotic product were identified and characterized through an antifungal screen in 1982 (Watanabe et al., 1982) . While the newly isolated compound was found to be only slightly active against fungi and not active at all against yeast, fortuitously the screen was extended to gram-positive and gram-negative bacteria. There it was found to be active against a wide range of grampositive and gram-negative bacteria (Watanabe et al., 1982) (Table 1) . Like kirromycin, enacyloxin IIa inhibits EF-Tu function by preventing dissociation from the ribosome. Structural studies have indicated enacyloxin IIa binds EF-Tu between the domain 1 and domain 3 ( Figure 1C ) and its binding site overlaps with kirromycin (Parmeggiani et al., 2006b ). As seen with kirromycin, enacyloxin IIa binding to the EF-Tu:GDP complex induces a conformation similar to the GTP bound EF-Tu (Parmeggiani et al., 2006b) and therefore this conformation prevents EF-Tu:GDP from dissociating from the ribosome (Parmeggiani et al., 2006b) resulting in disruption of protein synthesis, yielding a bacteriostatic mechanism of inhibition (Watanabe et al., 1991) . contact domain 2 (Parmeggiani et al., 2006a) . Pulvomycin binding locks EF-Tu into its GTP-bound state and prevents association with aa-tRNAs by masking the sites necessary for contact with both the 3′ and 5′ ends of the aa-tRNA (Parmeggiani et al., 2006a) , thereby inhibiting protein synthesis.
GE2270 A
GE2270 A, a thiopeptide, was discovered in 1991 as a product from the rare actinomycete genus Planobispora rosea ATCC53773 (Selva et al., 1991) . GE2270 is naturally produced by P. rosea in 10 different forms with various methylation states and activities, but GE2270 A is the form with the highest antibacterial activity (Selva et al., 1995) . GE2270 A is active against a wide range of gram-positive bacteria (Selva et al., 1991) (Table 1) and demonstrates a similar effect on EF-Tu as pulvomycin, though its binding site and structure differs. As seen in Figure 1C , GE2270 A binds to domain 2 and makes some contact with domain 1 of EF-Tu, disrupting the binding of the aa-tRNA 3′ end (Parmeggiani et al., 2006a) . Unlike pulvomycin, GE2270 A does not interfere with the interaction of the aa-tRNA 5′ end (Parmeggiani et al., 2006a) . But like pulvomycin, GE2270 A widens the interface between domain 1 and 2, preventing GTP hydrolysis (Parmeggiani et al., 2006a) .
Despite having similar mechanistic outcomes, pulvomycin-resistant forms of EF-Tu retain sensitivity to GE2270 (Zeef et al., 1994) .
Production of elfamycins in bacteria
Several peptide antibiotics, such as vancomycin (Recktenwald et al., 2002) and daptomycin (Robbel & Marahiel, 2010) , are synthesized nonribosomally, meaning that their synthesis is not dependent on mRNA but rather a series of template-free nonribosomal peptide synthetases (NRPSs) that assemble peptides not directly inscribed in the bacterial genome (Sieber & Marahiel, 2005) . Kirromycin, a large linear polyketide, is also non-ribosomally synthesized from a precursor molecule of acetyl-CoA (Weber et al., 2008) . The biosynthesis gene clusters involved in creating kirromycin from this precursor were first identified in Streptomyces as modular polyketide synthases (PKS) and nonribosomal peptide synthetases (Weber et al., 2003) . Modular polyketide synthases involved in kirromycin production are large, multifunctional enzymes that can catalyze all the steps necessary for production of polyketides, characterizing them as Type I PKSs, while nonribosomal peptide synthetases catalyze regiospecific and stereospecific reactions to assemble peptides. A more detailed study on kirromycin biosynthesis confirmed the genes involved in synthesis by gene disruption and monitoring for loss of antibiotic production by HPLC/MS, as well as radiolabeling precursors for confirmation of biosynthesis enzyme function through monitoring position of the radiolabel in the completed compound (Weber et al., 2008) . Enacyloxin IIa synthesis is interesting in that Frateuria W-315 actually secretes a different form of the compound outside the bacterial cell; enacyloxin IVa is released into the culture fluid, which is then dehydrogenated at C-15 by the enzyme enacyloxin oxidase (ENX oxidase), therefore becoming enacyloxin IIa (Oyama et al., 1994) . GE2270, a thiopeptide, was hypothesized to also be generated in a similar nonribosomal manner but is actually ribosomally originated (Morris et al., 2009) . A genetic mining strategy was devised to identify genes involved in the production of the thiopeptide backbone: this was Prezioso et al. Page 6 Mol Microbiol. Author manuscript; available in PMC 2018 October 01.
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Author Manuscript accomplished by designing primers against the predicted nucleotide coding sequence when using the amino acid sequence of the antibiotic as a template. This identified cluster of chromosomally-encoded genes was designated tpdA-tpdG, for thiopeptide. Ancilliary tpd genes encode enzymes required for maturing the precursor peptide, as well as introducing modifications specific to the particular thiopeptide (Morris et al., 2009 ). Most elfamycins, however, are not ribosomally originated as discussed above.
Production of EF-Tu, the target, in bacteria
EF-Tu is the most abundant protein produced in the bacterial cell (Kavaliauskas et al., 2012) .
Most proteobacteria, such as E. coli, encode two copies of the gene for EF-Tu (Lathe & Bork, 2001) ; tufA and tufB (van der . In Salmonella and related species, these are widely separated on the chromosome (700 kb on opposite sides of the origin of replication). Both are at the end of operons, are 99% identical at the coding level, and produce near-identical proteins (Hughes, 1990) differing only in their carboxyterminal amino acid. In E. coli and Salmonella, approximately two-thirds of cellular EF-Tu was shown to be expressed from the tufA copy of the gene, while only one-third of total cellular EF-Tu came from tufB (van der Meide et al., 1982) . However, when tufA was inactivated, tufB expression increased to produce expression equaling two-thirds of the typical amount seen in the cell; this implies that tufB can sense and compensate for cellular levels by doubling its normal production (Hughes, 1990) . The autoregulatory mechanism of tufB was shown to be due to the tufB 5′UTR mediating Rho-dependent transcriptional termination in response to rate of translation elongation (as dictated by EF-Tu levels in the cell) (Brandis et al., 2016) .
A natural question to ask when bacteria produce antibiotics is how they avoid selfintoxication. Interestingly, it was discovered in the early 1990s that S. ramocissimus (a producer strain for kirromycin) encodes three copies of the tuf gene (tuf1-3; producing EF-Tu1-EF-Tu3), but only one (tuf1) yields the standard EF-Tu protein sequence in appreciable quantities (Vijgenboom et al., 1994) . This standard version is constitutively expressed and is sensitive to kirromycin. In 2007, it was shown that S. ramocissimus produces a minor quantity of EF-Tu from tuf3 in exponential phase, and this version of EF-Tu (65% amino acid homology to tuf1) is resistant to kirromycin (as well as pulvomycin and GE2270 A) (Olsthoorn- Tieleman et al., 2007) . While this seemed like a plausible resistance mechanism for circumventing the toxicity associated with producing kirromycin, antibiotic synthesis actually occurs in stationary phase. Therefore, the induction of tuf3 does not correlate with kirromycin production and further did not respond to kirromycin induction (Olsthoorn- Tieleman et al., 2007) , eliminating the possibility of this third EF-Tu copy allowed for compound production without self-intoxication. In addition, antibiotic-sensitive EF-Tu displays dominance in a mixed population of sensitive and resistant EF-Tu, rendering an additional resistant copy ineffective. Thus, while the presence of tuf3 is an attractive explanation for resistance in the producer strain, the real mechanism has yet to be determined.
In a survey of P. rosea, the producer strain for GE2270 A also possessing three copies of EF-Tu, EF-Tu1 was discovered to have accumulated a number of mutations, any combination of 
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Author Manuscript which could have lead to the observed resistance of the resulting EF-Tu against GE2270 A (Mohrle et al., 1997) . Individual assessment of each mutation in an E. coli wild-type EF-Tu background lead to the conclusion that G257S and G275A (E. coli numbering) were the only natural mutations in P. rosea EF-Tu1 that conferred resistance to GE2270 A by allowing productive interactions of the EF-Tu:GTP:GE2270 A complex with the ribosome (Zuurmond et al., 2000) . However, the other copies of EF-Tu in the producer strain remain sensitive to the produced antibiotic.
Recent work with enacyloxin in Frateuria showed that like kirromycin, the producer strain of this antibiotic does not encode a resistant copy of EF-Tu to avoid self-intoxication. This was demonstrated when EF-Tu purified from Frateuria sp. W-315 was inhibited by enacyloxin IIa in a poly(U)-dependent poly(Phe) synthesis assay at similar levels as susceptible EF-Tu, showing that intrinsic resistance in the coding sequence for EF-Tu is not the mechanism utilized by Frateuria sp. W-315 to avoid self-intoxication (Crechet et al., 2016) . The mechanism by which Frateuria is therefore resistant to the enacyloxin it produces remains an intriguing question. As mentioned above, enacyloxin IVa is secreted from the cell and is processed extracellularly to its final form of enacyloxin IIa. This precursor secretion may therefore be the mechanism by which Frateuria sp. W-315 avoids inhibiting its own EF-Tu.
Similarly, the actinomyces WAC5292 was reported to possess an ABC transporter, FacT, which protects the producer from self-intoxication from the kirromycin-like antibiotic factumycin rather than a mechanism of EF-Tu alteration (Thaker et al., 2012) .
Elfamycin resistance
Of major concern to any clinically implemented antibiotic is bacterial resistance. Studies examining the generation of elfamycin-resistant forms of EF-Tu in bacterial populations are complicated by the fact that E. coli, and most other proteobacteria (Lathe & Bork, 2001), contain two virtually identical copies encoding for EF-Tu as stated above. It was recognized that in some species, such as Salmonella, either copy (but not both) is dispensable for cell viability (Hughes, 1990) . However, it took another ten years of research before it was accepted that either copy is dispensable in E. coli as well (Zuurmond et al., 1999) .
Inactivating one copy of the gene encoding EF-Tu enabled researchers to more easily identify EF-Tu mutants that conferred elfamycin resistance, as inactivating one copy of the tuf genes allows for a homogenous pool of mutant EF-Tu proteins in the cell, all coded by the one remaining copy of tuf. If the population were to be mixed, the wild-type copy of the protein (that which is sensitive to the effect of the antibiotic) would be dominant when challenged with kirromycin or enacyloxin IIa (i.e. trapped on the ribosome, and physically blocking the resistant copy from performing it's enzymatic role). Earlier techniques, such as that developed by Bosch in 1993 (Zeef & Bosch, 1993) , circumvented this problem by inactivating tufB in E. coli using Mu phage insertion, then mutagenizing tufA before using a recombinant phage M13mp to deliver the mutagenized tufA to the chromosome.
Resistant mutants were subsequently isolated and identified. Together these efforts identified several mutational 'hot spots' in the single copy of EF-Tu that are responsible for kirromycin resistance. The strategy of inactivating one copy of tuf allowed a rush of studies identifying EF-Tu amino acid substitutions that conferred resistance to this understudied group of compounds. These studies, done in the late 1990s, are cited in modern reviews as tables of resistance mutations in EF-Tu; an example being Olsthoorn-Tieleman's (Olsthoorn- Tieleman et al., 2007) reporting of Abdulkarim's (Abdulkarim et al., 1994) findings of mutations causing resistance to kirromycin. However, this citation and others fail to mention the caveat that the original studies identifying these mutations were done in strains that contained one inactivated copy of EF-Tu (Abdulkarim et al., 1994 , Mesters et al., 1994 .
Overall, resistance is easy to generate in a laboratory with a sensitized background strain (single tuf gene) and reveals valuable information as to binding mechanisms of elfamycins, but the emergence of resistance in a natural environment against a bacterial strain with two (or three) copies of the tuf genes has not sufficiently been addressed.
In contrast to the sensitive-dominant nature of mixed EF-Tu populations against kirromycin, when a mixed population of EF-Tu susceptible and resistant bacterial culture is challenged with GE2270 A, the resistant is dominant. This antibiotic prevents ternary complex formation, instead of trapping an existing complex, meaning that the resistant form of EF-Tu is still able to access free ribosomes (Mohrle et al., 1997) . Although pulvomycin also prevents ternary complex formation, resistance to pulvomycin and GE2270 A do not appear to be interchangeable (Zeef et al., 1994 , Mohrle et al., 1997 .
In addition to the complication of multiple gene copies of EF-Tu, compound permeability issues further obfuscate the question of bacterial resistance to the elfamycins. Several groups posit that the narrow spectrum of action of elfamycins is based on permeability barriers to some cells (Zeef et al., 1994) , whereas others counter that EF-Tu itself is resistant (Kraal et al., 1995 , Miele et al., 1994 and that there are no permeability barriers. Either way, the poor pharmacokinetics of compounds such as GE2270 have been stated to ultimately render these drugs unsuitable for clinical use (Flinspach et al., 2014 , Just-Baringo et al., 2014 , but have not prevented them from being useful as laboratory tools in crystallography and EF-Tu function studies (see below).
Interestingly, the mechanism of streptomycin resistance gave a hint as to a second mechanism by which a cell could naturally acquire kirromycin resistance. Mutations in rpsL (ribosome small subunit, protein S12) confer high-level resistance to the aminoglycoside streptomycin. Similarly, the same rpsL500 allele (R53L; E. coli numbering) conferring resistance to streptomycin was shown to bypass the dominant effect of sensitive EF-Tu in a bacterium where one tuf copy is resistant and the other is sensitive (Tubulekas et al., 1991) . This is accomplished by the mutant S12 protein preferentially interacting with the resistant copy of EF-Tu, thus saturating ribosomal complexes with a resistant form of EF-Tu through exclusion of the sensitive version of the protein. While this mechanism of resistance only requires one copy of tuf to be mutated, not both, there is still a second mutation necessary in a separate gene (rpsL), and thus it is still necessary for the cell to acquire mutations in two separate gene loci. As shown for other antibiotics, such as the quinolones (Huseby et al., 2017) , it is achievable for a cell to acquire several mutations to enable resistance. While it is therefore feasible for natural elfamycin resistance to develop, multiple protein mutations need to occur in combination to acquire resistance, potentially making elfamycins clinically preferential to a class of antibiotics that only requires a single mutation to achieve resistance. 
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Utility of elfamycins in the study of ribosomal function
Elfamycins have proved to be useful laboratory reagents, allowing for significant advances in several areas of ribosomal biology. Cryo-electron microscopy is a powerful tool for solving ribosome structure, and kirromycin has been used to trap EF-Tu (Stark et al., 2002) and aa-tRNA (Valle et al., 2003) in action, allowing for uniform particles that can be analyzed by single-particle reconstruction for determination of structure. These have provided insights into EF-Tu GTPase activity and subsequent EF-Tu dissociation from the ternary complex, two events critical for tRNA accommodation into the peptidyl transferase center of the ribosome (Schuette et al., 2009 , Villa et al., 2009 , Valle et al., 2002 . Recently kirromycin was used to help achieve an improved high-resolution cryo-electron microscopy structure of the 70S ribosome complex (Fischer et al., 2015) . The antibiotic stalled the ternary complex EF-Tu:GDP:Phe-tRNA Phe on the 70S ribosome which, when analyzed by aberration-corrected and computational sorting analysis, then yielded a model of high enough resolution for the visualization of all 35 rRNA modifications (i.e. base methylation, ribose methylation, pseudouridylation) for the first time (Fischer et al., 2015) . This accurate visualization of modifications as small as a single methyl group provides valuable information. For example, single modifications can impact antibiotic sensitivity: loss of methylation of ribosomal rRNA base A2503 (E. coli numbering) contributes to resistance against the broad-spectrum gram-positive pathogen antibiotic linezolid. A high-resolution structure allows for mechanistic determination of the effect of this loss, and revealed that an absence of methylation at this rRNA base destabilized the stacking interaction with A2059, subsequently disrupting the binding site for the antibiotic.
Kirromycin's ability to trap aa-tRNAs on the ribosome also contributed to a surprising discovery about transfer-messenger RNAs (tmRNAs; dual-function RNA that helps stalled ribosomes) (Miller & Buskirk, 2014) . When kirromycin was added to Phe-tRNA Phe on the translating ribosome, peptidyl transfer rate was inhibited 1000-fold, as to be expected. However, when tmRNA and its accessory protein SmpB replaced the charged tRNA, rate of peptidyl transfer was only inhibited 40-fold, meaning peptide transfer to tmRNA is relatively resistant to kirromycin when compared to canonical tRNAs. This suggests that the tmRNA-SmpB complex is released from EF-Tu more easily than canonical tRNAs, presumably when in its GTP-bound confirmation, not the GDP confirmation typically seen when tRNA is released from EF-Tu. Since kirromycin blocks the conformational change accompanying GTP hydrolysis, using kirromycin to show that peptidyl transfer is relatively unaffected in the presence of the compound was a useful laboratory tool that helped show that the conformational change in EF-Tu accompanying GTP hydrolysis may not be important in tmRNA's mechanism of action (Miller & Buskirk, 2014) .
As stated previously, pulvomycin can stabilize the EF-Tu:EF-Ts complex; it naturally follows that this elfamycin has played a role in studying the mechanism of the guanine exchange catalyzed during their interaction. A series of five x-ray crystallographic structures were determined for intermediate complexes in this exchange, which allowed for a schematic representation to be built, detailing the guanine nucleotide exchange reaction (Thirup et al., 2015) . Crystals of EF-Tu:EF-Ts complexed with a GppNHp, a resolution when formed in the presence of pulvomycin than those formed without. In addition, pulvomycin allowed for the intermediate complex just prior to the release of EF-Ts to be solved. Pulvomycin prevents the movement of EF-Tu domain 1, thus trapping EF-Tu:Mg 2+ :GTP with EF-Ts for formation of crystals (Thirup et al., 2015) . These examples illustrate some of the multiple uses of pulvomycin during crystallographic studies of the EF-Tu cycle. Elfamycins are useful tools for the study of cell physiology beyond just translation, as well. Kirromycin, for example, was used in a study of the interaction between EF-Tu and MreB, a protein that impacts cell shape (Defeu Soufo et al., 2010) ; this study determined that EF-Tu also impacts cell shape, with kirromycin being used to determine that EF-Tu activity in translation is independent from colocalization activity with MreB. Thus, elfamycins are not only useful in the context of new antibiotics for clinical treatment, but also as laboratory tools allowing for advancement in studies of the ribosome, translation, and cell physiology.
Modern resurgence and future outlook
The efficacy of many antibiotics in clinical use are challenged by the rapid spread of antibiotic resistance alleles between strains and prevalence of multi-drug resistant strains in the community; elfamycins do not currently have resistance determinants in widespread circulation between bacterial populations, making them an attractive option for a revival in research and development towards clinical implementation. Interest seems to be largely abandoned since the peak in studies in the late 1990s; perhaps the spectrum of activity was deemed too narrow to be of widespread use in combating infection, or perhaps due to problems with poor compound solubility (Tocchetti et al., 2013) and pharmacokinetics (Flinspach et al., 2014) . However, the antibiotic pipeline has steadily slowed down in recent years (Cooper & Shlaes, 2011) . Second-generation derivatives offer an opportunity to improve on the natural compounds, such as was done with second and third generation βlactams, second through fifth generation cephalosporins, and second through fourth generation quinolones. In addition, no current clinically used drugs target EF-Tu, which reduces the risk of pre-existing cross-resistance to any newly deployed elfamycin.
Several groups have fortunately taken the initiative on improving elfamycins. One method for improvement over current options is to screen nature for effective compounds already in existence in the microbial world. In 2011, two novel, naturally produced derivatives of previously-known elfamycins (Brotz et al., 2011) were identified from microbes in Malaysia. These new compounds were designated phenelfamycin G and H, and differ from those previously described by the presence of a hydroxyl group at C-30. However, these compounds were demonstrated to have a very narrow range of activity; namely, only against Propionibacterium acnes. While this limits the potential for treatment of clinically significant pathogens, it does represent an opportunity to treat cosmetic or chronic acne without disruption of the gut microflora. Another group, in 2012, rediscovered factumycin from serpentine soil in Santa Clara hills, Cuba (Thaker et al., 2012) . This previously known elfamycin, similar to kirromycin, was newly found to be produced by the actinomycete strain WAC5292 and was demonstrated to have activity against the human pathogen Acinetobacter baumannii. Most interesting about this compound is the finding that multidrug resistant strains of A. baumannii were actually more susceptible to factumycin Prezioso et al. Page 11 Mol Microbiol. Author manuscript; available in PMC 2018 October 01.
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Author Manuscript than non-multidrug resistant strains, and that factumycin could be used in combination with certain other antibiotics (ex. penicillin G, daptomycin) to further increase activity against multi-drug resistant strains when tested in vitro (Thaker et al., 2012) .
Work is also being undertaken on improving the quality of these antibiotics through rational design. One group has exacted synthetic modifications on GE2270 A in 2015 which resulted in an improved derivative named NAI003 (Fabbretti et al., 2015) . This compound has also been demonstrated to have strong activity against P. acnes, again without targeting other commensal bacteria; targeted antibiotics which leave the microbiome unaltered appear to be a bigger health benefit than previously thought (Hajela et al., 2015) , making these modifications attractive from a clinical standpoint. Another group has combined the head moiety from enacyloxin IIa with the tail of kirromycin, and thus increased the binding affinity for EF-Tu of the resulting enacyloxin IIa derivative (Parmeggiani et al., 2006b) . The pharmaceutical company Novartis has designed and synthesized 4-aminothiazolyl analogs of GE2270 A (LaMarche et al., 2012). They have added functional groups that increase compound solubility while simultaneously facilitating passage through the bacterial membrane; the resulting antibiotic was named LFF571. These efforts increased solubility from barely measurable, to >10 mg/mL. These modifications were further demonstrated to increase clinical relevance by being tested in a hamster model of Clostridium difficile infection. The successful protection of hamsters from C. difficile for 21 days represents a promising route of treatment of infection in humans. Currently, LFF571 has completed Phase 2 clinical trials (Mullane et al., 2015) . This multi-center trial (ClinicalTrials.gov identifier: NCT01232595) examined LFF571 against primary episodes or first reoccurrences of moderate C. difficile infections by randomly assigning patients to 125 mg vancomycin or 200 mg LFF571 four times daily for a total of 10 days. 90.6% of the LFF571-treated patients achieved a clinical cure to infection, whereas 78.3% of the vancomycin-treated patients reached clinical cure. Tolerances to the antibiotics were generally similar, as was rate of relapse in infection (Mullane et al., 2015) ; this represents a large step forward in bringing an elfamycin to the clinic.
An interesting follow-up study with LFF571 examined C. difficile toxin production at subinhibitory concentrations of antibiotic. Sub-inhibitory concentrations are known to change transcription activity, with some responses being: increased virulence factor production, decreased carbon catabolism, and an increase in prophage gene expression (Davies et al., 2006) . Of concern is reports that subinhibitory concentrations of vancomycin and metronidazole can actually increase C. difficile toxin production when grown in culture (Gerber et al., 2008) . In contrast, LFF571 was shown to decrease toxin expression; it was hypothesized that this was due to LFF571's effects on inhibiting protein translation, which would be consistent with the effects of several other translation-inhibiting compounds (Sachdeva & Leeds, 2015) . Overall, LFF571 and NAI003, and the approach taken to arrive at these compounds, are promising for the implementation of the elfamycin family as a new group of antibiotics in an era where options are rapidly being depleted.
Concluding statement
Elfamycins are an interesting and underappreciated group of antibiotics that target a clinically unprecedented protein, the essential translation factor EF-Tu. Most bacteria have multiple copies of the gene encoding EF-Tu, and sensitive forms of the protein are typically dominant over resistant forms, making elfamycins attractive antibiotics in an era when the numbers of clinical options available are rapidly declining. With a renewed effort in increasing compound solubility and permeability, several clinical trials are already underway to begin to utilize these antibiotics in a manner beyond just the laboratory and into the clinic for the treatment of patients. activated with a non-hydrolyzable GTP analogue, GppHNp, bound to Phe-tRNA Phe and kirromycin. In the model, EF-Tu is indicated in purple, GppNHp in green, Phe-tRNA Phe in tan, and kirromycin in cyan (PDB ID: 1OB2). Second: Enacyloxin IIa binds between domain 1 and 3 in the crystal structure of the EF-Tu:GppNHp:Phe-tRNA Phe complex. T. aquaticus EF-Tu activated with a non-hydrolyzable GTP analogue, GppHNp, bound to Phe-tRNA Phe and enacyloxin IIa. In the model, EF-Tu is indicated in purple, GppNHp in green, Phe-tRNA Phe in tan, and enacyloxin IIa in magenta (PDB ID: 1OB5). Third: Pulvomycin binds at the interface of EF-Tu's three domains in the crystal structure of EF-Tu:GppNHp complex. T. thermophilus EF-Tu activated with a non-hydrolyzable GTP analogue, GppHNp, bound to pulvomycin. In the model, EF-Tu is indicated in purple, GppNHp in green, and pulvomycin in orange (PDB ID: 2C78). Fourth: GE2270 A binds between domains 1 and 2 in the crystal structure of EF-Tu:GppNHp complex. T. thermophilus EF-Tu activated with a non-hydrolyzable GTP analogue, GppHNp, bound to GE2270 A. In the model, EF-Tu is indicated in purple, GppNHp in green, and GE2270 A in yellow (PDB ID:
